The MYC family of oncogenes encodes a set of three related transcription factors that are overexpressed in many human tumors and contribute to the cancer-related deaths of more than 70,000 Americans every year. MYC proteins drive tumorigenesis by interacting with co-factors that enable them to regulate the expression of thousands of genes linked to cell growth, proliferation, metabolism and genome stability. One effective way to identify critical co-factors required for MYC function has been to focus on sequence motifs within MYC that are conserved throughout evolution, on the assumption that their conservation is driven by protein-protein interactions that are vital for MYC activity. In addition to their DNA-binding domains, MYC proteins carry five regions of high sequence conservation known as Myc boxes (Mb). To date, four of the Mb motifs (MbI, MbII, MbIIIa and MbIIIb) have had a molecular function assigned to them, but the precise role of the remaining Mb, MbIV, and the reason for its preservation in vertebrate Myc proteins, is unknown. Here, we show that MbIV is required for the association of MYC with the abundant transcriptional coregulator host cell factor-1 (HCF-1). We show that the invariant core of MbIV resembles the tetrapeptide HCF-binding motif (HBM) found in many HCF-interaction partners, and demonstrate that MYC interacts with HCF-1 in a manner indistinguishable from the prototypical HBM-containing protein VP16. Finally, we show that rationalized point mutations in MYC that disrupt interaction with HCF-1 attenuate the ability of MYC to drive tumorigenesis in mice. Together, these data expose a molecular function for MbIV and indicate that HCF-1 is an important co-factor for MYC.
INTRODUCTION
The MYC family of oncogenes (c-, N-and L-MYC) encodes a set of transcription factors that feature prominently in cancer. 1 Capable of acting as both transcriptional activators and repressors, MYC proteins drive tumorigenesis by controlling the expression of thousands of genes connected to cell growth, proliferation, metabolism and genome stability. Recognition of target genes by MYC is dependent on interaction with its obligate partner, MAX, 2 which creates a stable DNA-binding domain that recognizes E-box motifs (CACGTG) in promoters and enhancers of MYCregulated genes. Once bound to its target sites, MYC interacts with sets of co-factors 3 to modulate the gene expression patterns that ultimately lead to malignancy. Because of the pervasive involvement of MYC in human cancer, much interest is centered on identification of the partner proteins that MYC uses to control transcription, with the objective of identifying new interaction surfaces that can be pharmacologically exploited to kill cancer cells.
Across the evolutionary spectrum, MYC family members share a number of conserved sequence motifs that, where examined, play important roles in MYC function. Besides the basic helix-loophelix-leucine zipper domain that binds MAX, there are five short regions of homology among MYC proteins that have been termed 'MYC boxes' (Mb)-MbI, MbII, MbIIIa, MbIIIb and MbIV 4 ( Supplementary Figure 1a ). Analysis of these Mb has yielded insight into the actions and regulation of MYC. MbI is a major site of MYC regulation by phosphorylation and ubiquitin-mediated proteolysis. 5 MbII interacts with the histone acetyltransferase component TRRAP 6 (and other co-factors) to stimulate MYC target gene induction. MbIIIa associates with the histone deactylase HDAC3 to repress transcription. 7 And MbIIIb binds directly to WDR5, which facilitates MYC recruitment to target genes in the context of chromatin. 8 The only remaining Mb for which a molecular function is undiscovered is MbIV, an~20 residue motif found in all vertebrate MYC proteins. Deletion of MbIV reduces the ability of MYC to bind naked DNA, and is associated with decreased transforming potential in vitro, 9 but how MbIV functions in this capacity, and the important co-factors that interact with this element, are unknown. Here, we present evidence that MbIV mediates the interaction of MYC with host cell factor-1 (HCF-1), a conserved transcriptional co-factor that assembles into numerous transcriptional and chromatin regulatory complexes. 10 We show that invariant residues in the MbIV core constitute a canonical HCFbinding motif (HBM) that is critical for the interaction of MYC with HCF-1. Alanine substitution mutations in MbIV that disrupt the MYC-HCF-1 interaction have no impact on the ability of MYC to bind naked DNA, but profoundly decrease its ability to drive tumorigenesis in mice. Our data establish HCF-1 as an important interaction partner for MYC and illuminate the molecular function of MbIV.
RESULTS AND DISCUSSION

MYC associates with HCF-1
We recently identified WDR5 as a MYC-interaction partner 8 by performing a proteomic screen for proteins that bind the 'central portion' of c-MYC (residues 151-319), a region that includes MbIIIa, MbIIIb and MbIV 1 (Supplementary Figure 1a ).
We transiently expressed FLAG-tagged Gal4 fusions carrying the MYC central portion, or the MYC activation domain, in HEK293 cells, recovered the fusions by immunoprecipitation, and analyzed immunoprecipitates using multidimensional protein identification HA-and FLAG-epitope-tagged Gal4 DNA-binding domain alone (Δ), or fused to c-MYC residues 2-150, 151-319 or 320-439, was transiently expressed in human HEK293 cells from the vector pcDNA3.1 and recovered by immunoprecipitation (IP) on anti-FLAG resin (A2220; Sigma-Aldrich) as previously described. 8 Immunoprecipitates, and a sample of the input, were probed by immunoblotting (IB) with antibodies against the HA-epitope tag (α-HA-HRP; Roche) or endogenous HCF-1 (A301-399A; Bethyl). This experiment was replicated three times in the laboratory. HEK293 cells were obtained from the American Type Culture Collection (ATCC) and confirmed to be mycoplasma free. (b) Full-length c-MYC associates with HCF-1. HEK293 cells were engineered by retroviral transduction of pBabe-Hygro vectors 8 to express FLAG-tagged full-length human c-MYC, or an empty vector (vec) control. Cells were lysed in buffer containing 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail (Roche), briefly sonicated and centrifuged at 12,000 g for 10 min at 4°C to precipitate debris. The supernatant was then subject to IP on anti-FLAG resin, and immunoprecipitates, or a sample of the input lysate ('inp'), probed by IB with antibodies against HCF-1, WDR5 (D9E1I; Cell Signaling) or FLAG (A8598; Sigma-Aldrich). Note that, due to low expression of FLAG-MYC in these cells, this protein is not visible in the input samples. This experiment was replicated five times in the laboratory. (c) Endogenous MYC binds endogenous HCF-1. Lysates were prepared from HEK293 cells treated for 2 h with proteasome inhibitor MG132 (25 μM) to promote accumulation of MYC, subject to IP with the anti-MYC antibody N262 (Santa Cruz), or IgG control (Pierce) and immunoprecipitates (or a sample of the input) probed with antibodies against endogenous HCF-1, WDR5 and c-MYC (9E10; Roche). Location of molecular weight markers is presented in kilodaltons (kDa). This experiment was replicated three times in the laboratory. 8 to express FLAG-tagged full-length wild-type (WT) or WDR5-interaction-defective (WBM; I262E, V264E and V265E) c-MYC, or an empty vector control. Lysates were subject to IP with anti-FLAG resin, and immunoprecipitates probed with antibodies against FLAG or endogenous HCF-1, WDR5 or MAX (C-124; Santa Cruz). This experiment was replicated three times in the laboratory. (b) Residues 300-319 of MYC are required for robust association with HCF-1. FLAG-epitope-tagged Gal4 DNA-binding domain fusions carrying the indicated MYC residues, or the Gal4 DNAbinding domain alone (Δ), were transiently expressed from the vector pcDNA3.1 8 in HEK293 cells and recovered by immunoprecipitation on anti-FLAG resin. Immunoprecipitates were probed with antibodies against HCF-1, WDR5 or FLAG. An IB of HCF-1 levels in the input of the IP reaction is also shown. This experiment was replicated four times in the laboratory. (c) QHNYAA is the invariant core of MbIV. Alignment of MYC box IV sequences (corresponding to residues 304-326 of human c-MYC) from the indicated family members and species. Residues conserved in more than 50% of the aligned sequences are boxed in black; conserved substitutions in these positions are boxed in gray. A more complete representation of the alignment, and relevant accession numbers is presented in Supplementary Figure S2 . (d) The QHNY core of MbIV is required for association with HCF-1. Lysates from HEK293 cells transduced with pBabe-Hygro vectors 8 to express FLAG-tagged full-length WT MYC, a MYC mutant in which these four residues have been deleted (Δ4), a MYC mutant in which these four residues are mutated to alanine (4A), or vector control ( − ), were subject to IP on anti-FLAG resin. Immunoprecipitates were probed with antibodies against FLAG, endogenous HCF-1 and WDR5. An IB of HCF-1 levels in the input to the IP reaction is also shown. This experiment was replicated four times in the laboratory.
technology. In addition to WDR5, this analysis identified HCF-1 as a protein that is enriched in the central portion pulldown, compared to the activation domain control ( Supplementary Figure 1b) . By co-immunoprecipitation coupled with immunoblotting, we confirmed that endogenous HCF-1 associates with the Gal4-MYC (151-319) fusion ( Figure 1a ). We also determined that endogenous HCF-1 associates with MYC stably expressed in HEK293 cells by retroviral transduction (Figure 1b ), and that endogenous MYC associates with endogenous HCF-1 (Figure 1c ) in this same cell type. These data are consistent with a recent proteomic survey of biotin-tagged MYC that identified HCF-1 as a MYC-associated protein in tumor xenografts, 11 and establish that HCF-1 is a bonafide MYCinteraction partner.
Association of MYC with HCF-1 is mediated via MbIV HCF-1 is an abundant nuclear protein 12 that is an essential cofactor for transcription of herpes simplex virus immediate-early genes. It is also a core component of multiple chromatin modulatory complexes, 13 including MLL/set-type histone methyltransferases 14 and MOF/NSL histone acetyltransferases. 15 Interestingly, both types of enzymes also contain WDR5, raising the possibility that the association we observe between MYC and HCF-1 reflects interaction of a WDR5/HCF-1-containing complex with MYC. To explore this possibility, we asked whether a triple point mutation in MbIIIb (WBM) that disrupts interaction of MYC with WDR5 8 has any effect on the association of MYC with HCF-1. Remarkably, the WBM mutant interacts with HCF-1 at levels comparable to the WT MYC protein (Figure 2a ), demonstrating that HCF-1 interacts with MYC independent of WDR5, and revealing that sequences outside of the conserved MbIIIb core mediate the MYC-HCF-1 association.
To delineate which residues in the central portion of MYC are required for interaction with HCF-1, we performed coimmunoprecipitation experiments using a set of carboxyterminal truncation mutants in the FLAG-Gal4-MYC (151-319) context, probing for their interaction with endogenous HCF-1. This analysis (Figure 2b) showed that deletion of MYC residues 310-319 reduces association with HCF-1 substantially, and that the interaction is further reduced by deletion of residues 300-319. Interestingly, residues 300-319 of c-MYC correspond closely to MbIV, a vertebrate-specific Mb implicated in DNA-binding by MYC, as well as cellular transformation in vitro. 9 Alignment of Myc sequences from vertebrates spanning the evolutionary spectrum (Figure 2c and Supplementary Figure S2 ) reveals that conservation within MbIV centers on an invariant 'QHNYAA' motif (residues 306-311), perfectly conserved in all Myc family members from all vertebrates. Consistent with the involvement of these residues in interaction with HCF-1, deletion of residues 306-309 (Δ4) or mutation of the same four residues to alanine (4A; QHNY to AAAA), perturbs association of full-length MYC with endogenous HCF-1, while leaving the MYC-WDR5 interaction unaffected (Figure 2d ). Thus, the invariant QHNY motif within MbIV is necessary for interaction of MYC with HCF-1.
MbIV is an HBM HCF-1 is a collection of polypeptides derived by proteolytic cleavage of a 2035-residue precursor into amino-and carboxyterminal fragments that remain non-covalently associated with one another. 12 Proteins that associate with HCF-1 often carry a tetrapeptide HBM 16 that mediates interaction with an aminoterminal domain of HCF-1 called 'HCF VIC '. 17 The consensus for the HBM is defined as D/E-H-X-Y, 18 but the alignment of 14 validated HBM sequences (Figure 3a) indicates that only the histidine and tyrosine residues in the HBM are invariant, and that some flexibility is permitted in the first position of the HBM (D, E, G or N). Notably, the deubiquitinating enzyme BAP1 19 carries the sequence 'NHNY', which is very similar in sequence and composition to the 'QHNY' core of MbIV. In BAP1, mutation of these residues to alanineanalogous to our 4A mutation in MYC-disrupts interaction with HCF-1. 19 The similar nature of the BAP1 HBM and MbIV sequences, and the similar effects of alanine substitutions on HCF-1 interaction, raises the intriguing possibility that MbIV is an HBM.
If MbIV is an HBM, we would expect that interaction of MYC with HCF-1 depends on residues in HCF-1 important for interaction with validated HBM-containing proteins. Specifically, we expect that the HCF VIC domain would suffice for interaction with MbIV-containing sequences, and that the interaction would be sensitive to mutations in HCF VIC that disrupt interaction with known HBM-containing proteins, such as the prototypical HBMcontaining protein VP16 16 (Figure 3b) . Indeed, we observed that Residues conserved in more than 50% of the aligned sequences are boxed in black; conservative substitutions in these positions are boxed in gray. The MbIV sequence from human c-MYC is shown below. (b) Impact of mutations in HCF-1 VIC on interaction with VP16. HEK293 cells were transiently transfected with plasmid vector control ( − ; pCGT 12 ) or otherwise identical vectors expressing T7-tagged HCF VIC (2-380)-wild-type (WT) or the indicated mutants-together with a pcDNA3.1 8 vector expressing FLAG-tagged VP16 (FL-VP16). Lysates were prepared, subject to IP with an anti-T7 epitope antibody (70566; Novagen), and immunoprecipitates were probed with anti-FLAG and anti-T7 antibodies. An IB of FL-VP16 levels in the input to the IP reaction is also shown. (c) MYC contains a canonical HBM. HEK293 cells were transiently transfected with plasmid vector control ( − ; pCGT) or otherwise identical vectors expressing T7-tagged HCF VIC (2-380)-wild-type (WT) or the indicated mutants-together with a pcDNA3.1 8 vector expressing either the WT or 4A mutant version of FLAG-tagged Gal4-HA-MYC (151-319). Lysates were prepared, subject to IP with an anti-T7 epitope antibody, and immunoprecipitates probed with anti-HA and anti-T7 antibodies. An IB of FLAG-tagged Gal4-HA-MYC (151-319) levels in the input to the IP reaction is also shown. This experiment was replicated three times in the laboratory.
Gal4-MYC (151-319) interacts robustly with HCF VIC and in a manner that is disrupted by the 4A mutation in the Gal4-MYC fusion (Figure 3c; compare lanes 2 and 3) . Moreover, three point mutations in HCF VIC that disrupt interaction with VP16 (Figure 3b ; P134S, P197S and P319S) 20 also disrupt the interaction between HCF VIC and Gal4-MYC (Figure 3c; compare lanes 2 with 4, 5 and 7) . And finally, a control mutation in HCF VIC that is permissive for interaction with VP16 (Figure 3b; P252S) 20 is also permissive for interaction with Gal4-MYC (Figure 3c; compare lanes 2 and 6) . Thus MYC interacts with HCF-1 in a manner that is indistinguishable from VP16. On the basis of these data, we conclude that MbIV is an HBM. We also predict, based on the conservation of the HBM within MbIV, that all vertebrate MYC proteins can associate with HCF-1.
The HBM in MYC contributes to its tumorigenic potential What role does the HBM have in MYC biology? Complete deletion of MbIV within the context of N-MYC reduces its ability to bind naked DNA, and is associated with a reduction in the ability of N-MYC to promote anchorage-independent growth of fibroblasts in culture. 9 Because MbIV is in relatively close proximity to the DNA-binding domain of MYC, 1 however, it is possible that deletion of this region introduces structural changes to the protein that perturb DNA recognition. To more precisely probe the role of the HBM in DNA-binding by MYC, we assayed the ability of the 4A MYC mutant to bind naked E-box containing DNA via electrophoretic mobility shift assay. This analysis (Figure 4a ) showed that MYC/MAX complexes bearing the 4A mutation bind DNA in a manner indistinguishable from WT MYC (compare lanes 3 and 4) . . The c-MYC-HBM is dispensable for binding to naked DNA but required for the full-tumorigenic potential of MYC in mice. (a) The HBM is not required for MYC/MAX dimers to bind DNA in vitro. Electrophoretic mobility shift assays were performed as described. 8 In brief, HEK293 cells were transiently transfected with the indicated FLAG-tagged full-length MYC proteins in pcDNA3.1-Puro. 8 Nuclear extracts were prepared by cytoplasmic lysis in buffer containing 10 mM HEPES (pH 7.4), 10 mM KCl, 0.1 mM EDTA, 0.1 MM EGTA, 0.4% NP-40; 15 μg of lysate was incubated for 30 min at room temperature with 21 fmol double-stranded, 32 P-end-labeled DNA probe carrying an E-box (5′-gatccgtaagacCACGTGgtcgtcaggat-3′), followed by separation on a 5% acrylamide 0.5 × Tris-borate-EDTA gel. To confirm the specificity of the interaction, indicated reactions also contained a 10-fold molar excess of unlabeled, specific competitor DNA ('Sp' , lanes 5 and 6) or a non-specific competitor where the E-box had been mutated to ACATGT (NSp, lanes 7 and 8). This experiment was replicated four times in the laboratory. (b-d) The HBM contributes to the oncogenic activity of MYC in vivo. Murine NIH3T3 fibroblasts were stably transduced with pBabe-Hygro vectors 8 to express the indicated FLAG-tagged MYC proteins, or empty vector control. These fibroblasts were assayed for MYC expression and the ability to drive anchorage-independent growth in soft agar (Supplementary Figure S3 ). The same cells (7.5 × 10 6 of each) were then injected into the flanks of 5-to 6-week-old female athymic nude mice (Foxn1 nu ; Harlan Sprague Dawley) for this analysis. No randomization was used. (b) Ellipsoid tumor volume was monitored (measured with calipers; investigator blinded to sample identity) at the indicated times post injection (n = 10 mice for each experimental arm). Data are presented as mean ± s.e.m. Sample size was chosen based on sample size needed in previous comparable experiments, and by performing a power analysis for a P-value of 0.05, power of 0.8, 25% difference, 25% sigma (s.d.), which showed the minimum number of mice needed to be eight. (c) Tumors were excised and photographed 17 days after injection. Representative tumors from five injection sites from vector control, WT MYC and each of the MYC mutants are shown. (d) Tumors were weighed after excision and masses presented as a box and whisker plot. For Student's t-test (two-tailed): vector versus WT, *P = 0.000025; WT versus WBM, **P = 0.000029; WT versus 4 A, ***P = 0.00041. All mouse experiments were performed in compliance with US Federal laws and with approval of the Vanderbilt University School of Medicine Animal Care and Use Committee.
Thus, the HBM within MYC-and therefore invariant residues in MbIV-are not required for DNA binding by MYC.
Next, we asked whether the 4A mutation alters the ability of MYC to promote anchorage-independent growth of NIH3T3 fibroblasts in soft agar (Supplementary Figure S3 ). In this assay, the 4A mutation had no detrimental effect on MYC expression or activity; indeed the 4A MYC mutant had increased colony-forming potential, relative to the wild-type protein. We have previously found that a WDR5-interaction-defective MYC mutant (WBM) retains activity in soft agar assays, but is defective for tumorigenesis in mice. 8 To probe the effects of the 4A mutation in a more tumor-relevant context, therefore, we next injected the same engineered fibroblasts used in the soft agar assay into the flanks of athymic nude mice and followed tumor formation over time.
We also compared the 4A mutant with the previously characterized WBM mutant. Under these conditions, the 4A MYC mutant was significantly less active than the WT MYC protein, producing slower-growing tumors (Figure 4b ) that were, on an average, 68% smaller by mass after resection (Figures 4c and d) . As expected, 8 the WBM mutant was also severely impaired in this assay (Figures 4b-d ). The reduced tumorigenic activity of the 4A MYC protein in this assay reveals that the HBM in MYC has an important role in MYC-driven tumorigenesis.
MYC and HCF-1
On the basis of our observations, we conclude that: (1) HCF-1 is a MYC-interaction partner; (2) HCF-1 associates with MYC via conserved residues in the MbIV core; (3) MbIV functions as a classical HBM; and (4) the HBM within MbIV-and thus interaction of MYC with HCF-1-is required for the full-tumorigenic potential of MYC in vivo. Our data reveal that HCF-1 is an important cofactor for MYC, and imply that the frank evolutionary conservation of MbIV in vertebrate MYC proteins is driven by the importance of the MYC-HCF-1 interaction.
Understanding the role of Myc boxes has played a major part in illuminating the functions of MYC, as well as its key interaction partners. 1 Our demonstration that MbIV is an HBM, and that this motif is required for the full-tumorigenic potential of MYC, reveals that HCF-1 is an important and conserved MYC-interaction partner. Supporting this notion, Dingar et al., 11 who identified HCF-1 as a MYC-associated protein in their proteomic survey, analyzed chromatin immunoprecipitation-sequencing data generated by the encyclopedia of DNA elements consortium 21 and discovered that~80% of MYC binding sites in human K562 cells coincide with a binding site for HCF-1. This level of coincident binding is similar to what we have observed with MYC and WDR5, 8 and suggests that MYC interacts extensively with HCF-1 on chromatin.
Although MbIV is vertebrate-specific, it is interesting that Drosophila MYC (dMyc) associates with Drosophila HCF, and that this association contributes to Myc-dependent gene regulation and to the ability of dMyc to promote cell growth in flies. 22 Drosophila HCF also binds with dMyc on target gene chromatin. Curiously, although dMyc carries a perfect HBM consensus, this region is dispensable for association with HCF, 22 revealing that Drosophila HCF has a different (or expanded) modality for associating with partner proteins, and one that does not rely solely on HBM recognition. Evolutionary preservation of the MYC-HCF interaction in light of this HBM-independent binding mechanism provides further support for the importance of HCF to MYC function, and raises the intriguing possibility that association of MYC with HCF across the evolutionary spectrum is more widespread than predicted by the presence of MbIV.
Given the known functions of HCF-1, 10 it is most likely that it interacts with MYC as part of a multisubunit chromatin regulatory complex. In this regard, it is intriguing that many complexes containing HCF-1 also include WDR5, and yet we are able to show that HCF-1 and WDR5 can interact independently and with different regions of the MYC protein (MbIV versus MbIIIb). This finding has implications for understanding the context of the HCF-1 and WDR5 complexes at work, as it excludes both proteins from associating with MYC as part of an MLL/SET or MOF/NSL complex. By this criterion, the ATAC histone acetyltransferase 23 is also excluded. A number of HCF-1 complexes bereft of WDR5 have been described, but further work will be required to determine the precise biochemical context in which HCF-1 recognizes MYC. Our demonstration that MbIV functions as a canonical HBM provides a tractable entry point for further biochemical and genetic dissection of the role of HCF-1 in MYC biology.
